Cadmium (Cd 2þ ) is a major environmental pollutant that induces cytotoxicity by heavy-metal accumulation. Prolonged Cd 2þ exposure leads to cell damage by oxidative stress mainly in the kidneys, a critical organ for detoxification. To identify reliable on invasive protein biomarkers for Cd 2þ -induced nephrotoxicity, we performed 2-dimensional gel electrophoresis/ matrix-assisted laser desorption/ionization time of flight mass spectra and stable isotope labeling by amino acids in cell culture/liquid chromatography-mass spectrometry analyses using conditioned media (CM) of HK-2 human kidney epithelial cells treated with CdCl 2 . Here, we identified heat shock cognate 71 kDa protein isoform1 (HSPA8) and a-enolase (ENO1) as potential biomarker candidates for the evaluation of Cd 2þ -induced nephrotoxicity. Treatment with CdCl 2 increased the protein level of HSPA8 in CM and lysates of HK-2 cells. The mRNA level of HSPA8 was also increased by CdCl 2 treatment, indicating transcriptional regulation. The level of ENO1 was increased in CM, but not in lysates of CdCl 2 -treated HK-2 cells. CdCl 2 did not affect the mRNA level of ENO1. We provide evidence that the increases of HSPA8 and ENO1 in CM were due to Cd 2þ -induced cell death through oxidative stress. The increases of HSPA8 and ENO1 levels were also detected in CM of HK-2 cells treated with other nephrotoxic agents, such as HgCl 2 , NaAsO 2 , cisplatin, amphotericin B, and cyclosporine A. Urine and kidney tissues of CdCl 2 -treated rats showed increased levels of HSPA8. Taken together, this study identified HSPA8 and ENO1 as noninvasive biomarker candidates by 2 comparative proteomic analyses. These new biomarker candidates may have potential as alternatives to traditional biomarkers for the efficient and sensitive assessment of nephrotoxicity.
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Key words: nephrotoxicity; biomarkers; HSPA8; ENO1; HK-2; conditioned media Cadmium (Cd 2þ ) is a major environmental pollutant that is widely used in the electro-intensive, textile, plastic, and fertilizer industries (Jä rup and Å kesson, 2009; Ognjanovic et al., 2008) . Cd 2þ -induced cytotoxicity is caused by heavy-metal accumulation leading to membrane damage, altered gene expression, and apoptosis mediated by reactive oxygen species (ROS) (Hart et al., 1999; Shaikh et al., 1999; Waisberg et al., 2003) . Cd 2þ is not biodegradable and has long half-life of more than 30 years (Gonick, 1978) . Prolonged exposure leads to excessive accumulation in kidneys, specifically in the proximal tubule epithelial cells and glomerulus (Hamada et al., 1997; Pari et al., 2007) . The kidneys are important for maintaining homeostasis via the detoxification of various exogenous and endogenous toxic substances (Pfaller and Gstraunthaler, 1998) . Loss of kidney function is difficult to detect because of its functional reserve (Rached et al., 2008) . Biomarkers have been utilized for the assessment of Cd 2þ -induced nephrotoxicity in human populations (reviewed in Prozialeck and Edwards, 2010) . Traditional biomarkers for nephrotoxicity, blood urea nitrogen (BUN) and creatinine (Cr), are considered unsuitable for the early assessment of kidney damage because they are not detected until significant kidney dysfunction occurs (Rached et al., 2008) . Therefore, there is a need for the identification of new biomarkers with improved sensitivity and specificity.
Blood or urine of laboratory animals has been frequently used for the identification of biomarkers for Cd 2þ -induced nephrotoxicity because they are noninvasive and easy to obtain. These biomarkers include b2-microglobulin, metallothionein, N-acetyl-b-D-glucosamidase, kidney injury molecule (KIM)-1, a-glutathione-S-transferase, and insulin (Kawada, 1995; Lei et al., 2007; Prozialeck et al., 2009; Shaikh and Smith, 1986; Vaidya et al., 2009; Kim and Moon, 2012) .
Animal studies have several disadvantages, including the associated ethical questions, economic burden, and uncertainty attributable to the differences between human and animals (Fox et al., 2010) . Recently, in vitro tests using conditioned media (CM) of cultured cells have received much attention (Ranganatha and Kuppast, 2012) . The use of CM is advantageous because sample preparations are easy to obtain. Moreover, because secreted or leaked proteins from cells into media exist in relatively small amounts and are usually masked by high amounts of serum proteins, serum-free CM is advantageous as samples for proteomic analysis (Dowling and Clynes, 2011; Pin et al., 2013) .
Comparative proteomic analysis using CM has been shown to be useful for the identification of noninvasive protein biomarkers (Veenstra et al., 2005) . Two-dimensional gel electrophoresis (2DE) followed by matrix-assisted laser desorption/ ionization time of flight mass spectra (MALDI-TOF-MS) analysis has been widely used for the identification and quantification of the proteome in various conditions (Chugh et al., 2010; O'Farrel, 1975) . Stable isotope labeling by amino acids in cell culture (SILAC) coupled to liquid chromatography-mass spectrometry (LC-MS) is also an extensively applied quantitative proteome analysis based on mass spectrometry which detects variations in protein expression of samples using nonradioactive isotopic labeling (Ong et al., 2002) .
This study aims to identify reliable noninvasive biomarker candidates for Cd 2þ -induced nephrotoxicity. To this end, we used the CM of HK-2 cells, proximal tubule cells derived from human normal kidney. For the in vitro nephrotoxicity studies, normal animal kidney cells such as rat proximal tubule epithelial cell line (Norway rat kidney epithelial [NRK-52E]cells) or human renal glomerular endothelial cell line (HRGEC) have been used (Rached et al., 2008; Satchell 2012) . In our study, we used HK-2 human kidney proximal tubular epithelial cell line. The HK-2 cells have advantages over other cell lines. First, HK-2 cells are human origin and therefore, there are no interspecies differences in response to drug-induced toxicity to human. Second, HK-2 cells are proximal tubular cells which show high vulnerability to mitochondrial dysfunction at acute renal injury (Câ mara et al., 2009; Gunness et al., 2010) . Third, HK-2 cells are renal proximal epithelial cells which have numerous transport systems and xenobiotic-metabolizing enzymes such as cytochrome P450, and therefore, they are the target sites for various nephrotoxic substances and the major portion of the renal injury (Guder and Morel, 1992) . For these reasons, HK-2 cells would be more appropriate for evaluation of in vitro nephrotoxicity than cells derived from other regions such as distal tubular cells or glomerular endothelial cells (Pfaller and Gstraunthaler, 1998) . We performed 2DE/MALDI-TOF-MS and SILAC/LC-MS analyses using CM of HK-2 human kidney epithelial cells treated with CdCl 2 . With these 2 independent proteomic approaches, we were able to identify heat shock cognate 71 kDa protein isoform1 (HSPA8) and a-enolase (ENO1) as noninvasive biomarker candidates for Cd 2þ -induced nephrotoxicity.
MATERIALS AND METHODS
Cell culture. HK-2, human normal kidney proximal tubule epithelial cells, was purchased from ATCC (American Type Culture Collection). HK-2 cells were cultured as previously described (Sohn et al., 2013) . MCF10A, human breast epithelial cells, was established, as previously described (Kim et al., 2000) . HepG2, human hepatocellular carcinoma cells, was cultured in Dulbeccco's Modified Eagle's Medium with 4.00 mM L-glutamine, 1000 mg/l glucose, 110 mg/l sodium pyruvate, and supplemented with 10% fetal bovine serum (FBS) and 100 lg/ml penicillin-streptomycin. The cells were maintained in a humidified atmosphere with 95% air and 5% CO 2 at 37 C.
Reagents. CdCl 2 , cisplatin, mercuric chloride (HgCl 2 ), cyclosporine A, amphotericin B, sodium arsenite (NaAsO 2 ), copper(II) sulfate pentahydrate (CuSO 4 5H 2 O), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) and N-acetylcysteine (NAC) were purchased from Sigma Chemical (St. Louis, MO). Carbobenzoxy-valyl-alanyl-aspartyl-[O-methyl]-fluoromethylketone (Z-VAD-FMK) was purchased from R&D Systems (Minneapolis, MN). Crystal violet was purchased from Kanto Chemical (Tokyo, Japan). Pierce BCA Protein Assay Kit was purchased from ThermoFisher Scientific Inc (Rockford, IL).
Cytotoxicity assays-MTT assay, crystal violet staining assay. HK-2 cells were cultured in serum-free media in a 96-well plate. Cells were treated with various concentrations of CdCl 2 for 24 and 48 h. In MTT assay, 25 ll of 0.5 mg/ml MTT solution was added and incubated for 4 h. After removal of the medium and addition of dimethyl sulfoxide (DMSO) for dissolution of produced formazan crystals, the absorbance was measured at 540 nm using a microplate reader (Synergy 2; BioTek Instruments, Inc., Winooski, VT) (Sohn et al., 2013) . In crystal violet staining (CVS) assay, the medium was removed and cultured cells in a plate were washed twice with phosphate-buffered saline (PBS). After then, 50 ll of 0.2% crystal violet solution in 2% ethanol was added and incubated at room temperature for 10 min. Following removal of remaining crystal violet solution and rinse in distilled water, colored dye in the living cells was dissolved in 1% sodium dodecyl sulfate (SDS) solution. The absorbance was measured at 570 nm using a microplate reader (Chiba et al., 1998) .
Cell viability was defined as the relative absorbance of treated versus untreated cells. All of the assays were performed triplicate.
Measurement of cell attachment. HK-2 cells were treated with CdCl 2 in serum-free condition for 24 h in 6-well plate. Cells were washed with PBS and harvested by trypsin-EDTA. The number of cells was counted. Cell attachment was also assessed by microscopic observation (Â100).
Sample preparation for SILAC. For the SILAC experiment, 20 lM CdCl 2 -treated or nontreated HK-2 cells was cultured in Dulbecco's modified Eagle medium (DMEM) with 10% dialyzed FBS using the SILAC Protein ID & Quantitation Media Kit (Invitrogen, Carlsbad, CA), which was supplemented with normal unlabeled lysine (light Lys) or nonradioactive 13 C 6 -lysine ( 13 C 6 -Lys, heavy Lys) at a concentration of 0.1 mg/ml. All cells were routinely maintained at 37 C in humidified air containing 5% CO 2 . The culture media were changed every 2 days. Cells were maintained in "labeled" medium for at least 6 doubling times to achieve the > 95% incorporation of 13 C 6 -Lys. The stable isotope labeling ratio was detected according to the previous reports Xu et al., 2009) .
Conditioned media were collected and concentrated by centrifugation and ultrafiltration according to our previous studies (Jeon et al., 2013; Kim et al., 2014) . Proteins in CM were quantitated by the BCA (bicinchoninic acid) assay and prepared by the same amount of samples for analysis.
Protein sequencing using mass spectrometry (LC-ESI-MS/MS/MS analysis). Proteins in CM with light or heavy Lys were mixed in a 1:1 ratio and separated by 12% SDS-polyacrylamide gel electrophoresis (PAGE) SDS-PAGE, followed by staining with Coomassie brilliant blue to visualize the gel bands. Gel bands were excised and subjected to in-gel digestion and tandem mass spectrometry (nanoscale liquid chromatography tandem mass spectrometry [nano-LC-MS/MS/MS]) as described previously . Briefly, the gel lane was excised and divided into 28 bands. Each section was treated with trypsin to digest proteins in each band after reduction with dithiothreitol (DTT) and alkylation with iodoacetamide. Following cleansing with 50% acetonitrile (ACN) containing 10 mM ammonium bicarbonate (NH 4 HCO 3 ), bands were swollen in digestion buffer containing 50 mM NH 4 HCO 3 , 5 mM calcium chloride, and 1 mg trypsin, and incubated at 37 C for 12-16 h. The resulting peptide extracts, which were recovered by 2 repeated extraction with 50 mM NH 4 HCO 3 and 100% ACN, were pooled, lyophilized, and stored at À20 C. All lyophilized peptide samples were dissolved in 0.1% formic acid for analysis by tandem mass spectrometry (nano-LC-MS/MS/MS). All MS/MS experiments for peptide identification were performed as previously described (Cho et al., 2012) . Experiments were performed using nano-LC-MS/MS/MS consisting of a Surveyor nanoflow system connected to a 7-tesla Finnigan LTQ-FT mass spectrometer (Thermo Electron, Bremen, Germany) equipped with a nano-electrospray ion source. Ten microliter of aliquots of the protein solution was loaded by an autosampler onto a weak anion exchange (WAX)/strong cation exchange (SCX) (WAX/SCX) (2:1)-column (PolyLC Inc, Columbia, MD) of inner diameter (ID) 250 lm, length 30 mm, and particle size 5 lm (Motoyama et al., 2007) . The concentration and separation of peptides were performed at a flow rate of 10 ll/min. Then, the trapped peptides were back-flushed and separated on a homemade microcapillary column (length 100 mm) composed of C 18 (Aqua; particle size 5 lm) in 75-lm silica tubing with an orifice ID of 6 lm (Proxeon Biosystem, Odense, Denmark). The mobile phases, A and B, were composed of 0% and 80% ACN, respectively, each containing 0.02% formic acid and 0.5% acetic acid. The gradient began at 5% B for 15 min, ramped to 20% B over 3 min, to 95% over 60 min, remained at 95% B over 12 min, and finally, to 5% B for another 2 min. The column was equilibrated with 5% B for 8 min before the next run. Briefly the mass spectrometer was operated in the data-dependent mode to automatically switch between MS, MS Protein identification and relative quantification. Proteins identification and relative quantification were performed as previously described (Cho et al., 2012 HUMAN.v.3.72) as well as NCBI database. Peptides were considered to be identified at the peptide tolerance of 6 50 ppm, fragment mass tolerance of 6 0.8 Da, 2 missed trypsin cleavage, oxidation of Met, and fixed modification of carbamidomethyl cysteine. Peptide score is À10 Â Log(P), in which P signifies the probability that the observed match is a random event. Individual peptide scores over 35 are considered as identity or extensive homology (p < .05).
2DE/MALDI-TOF-MS analysis.
For the 2DE/MALDI-TOF-MS analysis, HK-2 cells with 70% confluency were incubated in serum-free condition with 0 or 20 lM CdCl 2 for 24 h. The preparation of proteome samples, proteome separation by 2DE, and proteome identification by MALDI-TOF-MS analysis and Mascot database search were performed as previously described (Jeon et al., 2013) .
Immunoblot analysis. Immunoblot analysis was performed as previously described (Shin et al., 2005) using anti-HSPA8, anti-ENO1, anti-14-3-3 protein zeta/delta (YWHAZ protein), anti-L-Lactate Dehydrogenase (LDH) protein, and anti-triose phosphate isomerase isoform2 antibodies (Santa Cruz Biotechnology, Dallas, TX), anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and anti-poly (ADP-ribose) polymerase (PARP) antibodies (Cell Signaling Technology, Beverly, MA), antib-actin antibody (Sigma-Aldrich, St Louis, MO). The detection of protein expression was performed using enhanced chemiluminescence (WesternBright ECL; Advansta Inc, Menlo Park, CA). Relative band intensities were determined by the quantification of each band with Image Lab Software (Bio-Rad Laboratories, Inc, Hercules, CA). Animal experiments. Male Sprague Dawley rats (5 weeks old; Charles River Laboratories, Orient, Korea) were housed in a controlled temperature (22 6 2 C) and relative humidity (50%-60%), maintained on a 12-h light/dark cycle (lights on at 8 AM), and food and water were available ad libitum. The study was approved by the Sungkyunkwan University Review Board for the care of animals (SKKU-2013-00012). The rats were orally administered 5, 25, or 50 mg/kg CdCl 2 (dissolved in 0.9% saline) for 8 weeks. The vehicle control group was injected with 0.9% saline in the same manner.
Urinary parameters analysis. After last treatment of CdCl 2 , each animal was kept in a metabolic cage overnight, and 24-h urine samples were collected and immediately centrifuged at 879 Â g at 4 C for 10 min to remove insoluble materials and cellular debris. Urine supernatant was divided into sterile tubes and frozen within 2 h of collection at À70 C for subsequent analysis. At the time of assay, samples were thawed, vortexed, and centrifuged at 13 400 Â g at 4 C for 10 min, and 100 ll of supernatant was used for biomarker measurement. Urinary excretion of BUN, Cr, and glucose levels were assayed and expressed as units per 24 h (Son et al., 2014) .
Histopathological examination. After sacrifice, the left kidney was fixed overnight in 10% neutral buffered formalin and dehydrated with 70% ethanol. Each tissue was embedded in paraffin and 5-lm sections were cut and mounted on slides. The slide sections were stained with hematoxylin and eosin (H&E). Slides were processed histological and examined microscopically. Photomicrographs of kidney were taken at 200 Â magnification using a Zeiss Axiphot light microscope (Zeiss, Oberkochen, Germany) fitted with a Sony 3CCD camera (AVT Horn, Aalen, Germany).
Immunohistochemical analysis. Immunohistochemistry was performed as previously described . The kidney tissue slides were incubated overnight with the anti-HSPA8 and anti-ENO1 antibody (1:100; Santa Cruz Biotechnology) at 4 C and washed with PBS. Detection of protein expression in kidney tissue sections was performed using the Histostain-Plus Kits (Invitrogen), according to the manufacturer's recommendations. The sections were observed under a light microscope.
Terminal uridine deoxynucleotidyl transferase dUTP nick-end labeling assay. Terminal uridine deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) was performed using a DeadEnd fluorometric TUNEL System (Promega, Madison, WI) according to the manufacturer's instructions. Paraffin-embedded kidney sections were deparaffinized in xylene for 5 min, washed twice in 100% ethanol and 0.9% PBS. Fix the embedded sections in 4% methanol-free formaldehyde solution in PBS for 15 min at room temperature, and digested with proteinase K (20 lg/ml) for 15 min, and incubated with equilibration buffer for at least 10 s. Slides were washed with PBS, fluorescein-12-dUTP in the presence of rTdT was then incorporated for 60 min in a humidified chamber at 37 C. The reaction was terminated, the antidigoxigen conjugate was applied, and the sections were incubated for 30 min in the dark. The sections were washed 4 times with PBS. The sections were mounted under a glass cover slip, and fluorescein was detected by confocal laser-scanning microscopy (Zeiss). 
RESULTS
CdCl 2 -induced cytotoxicity of HK-2 cells. To investigate Cd 2þ -induced nephrotoxicity in vitro, we conducted MTT assay in HK-2 cells treated with CdCl 2 . As shown in Figure 1A , a doseresponse study by MTT assay showed that treatment with CdCl 2 significantly inhibited the growth of HK-2 cells with IC 50 values of 23.06 mM for 24 and 48 h and 20.60 mM for 48 h (Fig. 1A, left) . We performed another assay for cytotoxicity, CVS assay. Treatment with CdCl 2 for 24-and 48-h inhibited growth of HK-2 cells in a dose-dependent manner, with IC 50 values of 28.02 and 19.56 mM, respectively (Fig. 1A, right) .
To further confirm the Cd 2þ -induced cytotoxicity, cell attachment was measured upon treatment with CdCl 2 . The attachment of HK-2 cells was decreased by CdCl 2 treatment in a dose-dependent manner (Fig. 1B) . Effect of CdCl 2 treatment on cell attachment was also examined by microscopic observation. Decrease of cell attachment was observed in cells treated with CdCl 2 (Fig. 1C) .
SILAC/LC-MS and 2DE/MALDI-TOF-MS analyses were conducted on CM from CdCl 2 -treated HK-2 cells. To identify in vitro biomarker candidate proteins for Cd 2þ -induced nephrotoxicity, we conducted 2 proteomic analyses, SILAC/LC-MS analysis and 2DE-based comparative proteomic analysis as depicted in Figure 2 . The concentration of CdCl 2 for the proteomic analyses was determined to be 20 mM, which showed $60% of cell viability. We used CM of HK-2 cells treated with 20 mM of CdCl 2 for 24 h. First, a complete proteomic profile containing 331 differentially expressed proteins upon CdCl 2 treatment was obtained from SILAC/LC-MS analysis. Among these proteins, expression levels of 49 proteins were increased in CM of CdCl 2 -treated cells compared with the control cells (Table 1) .
Second, we obtained another complete proteomic profile using a combination of 2DE, quantitative image analysis, and MALDI-TOF-MS analysis. The 2DE images are shown in Supplementary Data (Supplementary Fig. S1A ). A list of 31 proteins with increased levels in CM after CdCl 2 treatment as compared with the control is shown in Table 2 . Based on information from the NCBI (http://www.ncbi.nlm.nih.gov/ pubmed/), HUGO Gene Nomenclature Committee (http://www. genenames.org/), GeneCards (http://www.genecards.org/), and the Universal Protein Resource (UniProt) (http://www.uniprot. org/) websites, the biological functions of these proteins were categorized (Table 2 and Supplementary Fig. S1B ). By comparison of the complete proteomic profiles obtained from the 2 independent analyses, we identified commonly detected 5 proteins, HSPA8, YWHAZ, GAPDH, ENO1, and LDH.
CdCl 2 increases HSPA8 and ENO1 in CM of HK-2 cells. To validate the results obtained from the proteomic studies, immunoblot analysis was performed (Fig. 3) . The protein levels of HSPA8 and ENO1 were increased in CM of HK-2 cells by treatment with CdCl 2 in concentration-and time-dependent manners (Fig. 3A) . The level of HSPA8 in whole cell lysates was increased by CdCl 2 treatment. The level of ENO1 in lysates, however, was not affected. The levels of GAPDH and LDH in CM were increased by CdCl 2 treatment, whereas the protein level of YWHAZ was not altered (data not shown). As LDH is an indicator of membrane integrity (Lennon et al., 1991) and GAPDH is known as a housekeeping protein that is consistently expressed (Thellin et al., 1999) , we focused on HSPA8 and ENO1 for further studies.
To examine whether CdCl 2 treatment increases HSPA8 and ENO1 at the transcriptional levels, we performed RT-PCR analysis. As shown in Figure 3B , the mRNA of HSPA8 was increased by CdCl 2 in concentration-and time-dependent manners. Treatment with CdCl 2 did not affect the mRNA level of ENO1. These data suggest that CdCl 2 treatment may induce the expression and secretion of HSPA8, and that it may increase the secretion or leakage, but not the expression, of ENO1 in kidney epithelial cells.
CdCl 2 -induced cell death through oxidative stress may lead to elevated levels of HSPA8 and ENO1 in HK-2 cells. It has been shown that Cd 2þ causes cell death due to oxidative stress which is induced by mitochondrial dysfunction accompanied by ROS generation (Buttke and Sandstorm, 1994; Hart et al., 1999) . We investigated whether CdCl 2 induces cell death in HK-2 cells by detecting PARP cleavage which is known as a marker for cell death and apoptosis (Boulares et al., 1999; D'Amours et al., 2001) . The cleaved PARP was observed in HK-2 cells treated with CdCl 2 in concentration-and time-dependent manners (Fig. 4A ). The data demonstrate that CdCl 2 treatment induced cell death in HK-2 cells. We next examined the involvement of ROS in the CdCl 2 -induced increases of HSPA8 and ENO1 using NAC which is a free radical scavenger (Zafarullah et al., 2003) . The increased levels of HSPA8 and ENO1 in CM of HK-2 cells treated with CdCl 2 were almost completely abolished by pre-incubation with 1 mM NAC (Fig. 4B) . The data implicate that CdCl 2 -induced increases of HSPA8 and ENO1 in CM were dependent on ROS generation. The increased level of HSPA8 in the CdCl 2 -treated lysates was also decreased when the cells were treated with NAC. The ENO1 level in lysates, however, was not altered.
A cell-permeable pan-caspase inhibitor Z-VAD-FMK, which blocks apoptosis (Slee et al., 1996) , did not affect the CdCl 2 -increased HSPA8 and ENO1 levels (Fig. 4C) . These results suggest that Cd The results represent means 6 SE of triplicates. * and ** denote statistically significant differences from control at p < .05 and p < .01, respectively.
HSPA8 and ENO1 levels are increased by several nephrotoxic agents. We next questioned whether nephrotoxic agents other than CdCl 2 increase HSPA8 and ENO1 levels in human kidney cells.
To assess this, we treated HK-2 cells with the known nephrotoxic agents HgCl 2 , NaAsO 2 , CuSO 4 Á5H 2 O, cisplatin, amphotericin B, or cyclosporine A (Choi and Kim, 2006; Jennings et al., 2007; Oon et al., 2006; Ramos et al., 1995; Sabra and Branch, 1990; Zalups, 2000) . The levels of HSPA8 and ENO1 in CM were increased by 40 mM HgCl 2 (Fig. 5A ). Treatment with 10 mM cisplatin markedly increased the levels of HSPA8 and to a lesser degree, ENO1 in CM of HK-2 cells (Fig. 5A ). Concentrationdependent increases of HSPA8 and ENO1 in CM were detected upon NaAsO 2 , amphotericin B, or cyclosporine A treatment ( (Fig. 5B, left) . In contrast, the levels of ENO1 in CM and lysates were not affected by CdCl 2 treatment. HSPA8 was increased in CM and lysates of HepG2 cells by 2 mM CdCl 2 (Fig. 5B, right) . The IC 50 value of HepG2 cells for CdCl 2 was 1.43 mM, a much lower value than that of other cell lines. The level of ENO1 was not changed in HepG2 cells treated with CdCl 2 . These results imply that HSPA8 can be used to detect CdCl 2 -induced cytotoxicity not only in kidney cells but also in breast and liver cells. In contrast, ENO1 may be used as a biomarker candidate specifically for nephrotoxicity induced by CdCl 2 .
In vivo evaluation using rat urine and kidney tissues. We next evaluated the potential of HSPA8 and ENO1 as biomarker candidates for the assessment of nephrotoxicity in vivo. The urinary excretion of HSPA8 was increased in rats following oral administration of CdCl 2 (5, 25, or 50 mg/kg) for 8 weeks in a dosedependent manner (Fig. 6A ). However, the ENO1 level was not detected in the urine samples of these animals. We examined the expressions of HSPA8 and ENO1 in the kidney tissues by immunoblot and immunohistochemical (IHC) analysis, respectively. As shown in Figure 6A , Western blot analysis revealed that significant higher levels of HSPA8 were detected in the kidney tissues of CdCl 2 -treated rats, but ENO1 expression did not change in kidney tissues. HSPA8-positive immunostaining was restricted to damaged renal tubular epithelial cells, and no staining was detected in the renal interstitium as confirmed by IHC analysis (Fig. 6B ).
To further define the effect of Cd-induced nephropathy, we evaluated clusterin, KIM-1, and neutrophil geletinase-associated lipocalin (NGAL) levels. Previous study indicated that urinary excretion levels of protein-based biomarkers, such as clusterin, KIM-1, and NGAL exhibit high sensitivity for the detection of kidney injury (Ferguson et al., 2008) . Similarly, our study also observed that the urinary excretion of these biomarkers increased in a dose-dependent manner (Fig. 6C) . We compared the sensitivity of HSPA8 and ENO1 with that of these protein-based biomarkers, such as clusterin, KIM-1, and NGAL in urine of CdCl 2 -treated rats. As shown in Figure 6 , a strong expression of HSPA8 was detected in kidney tissue and urine of rats treated with 5 mg/kg CdCl 2 (Fig. 6A) , whereas clusterin, KIM-1, and NGAL was slightly increased in kidney tissue of rats in the same condition (Fig. 6C) . The data suggest that HSPA8 may be a more sensitive biomarker compared with KIM-1.
Classically, chronic cadmium exposure is associated with progressive renal tubular dysfunction. After chronic cadmium exposure, urinary excretions of total protein and albumin were elevated ( Supplementary Fig. S2A ). As shown in Supplementary Figure S2B , significant morphological changes such as the loss of tubular cells and tubular vacuolization were observed in CdCl 2 -treated group. Moreover, abnormalities in the kidneys of high dose (50 mg/kg) of CdCl 2 -treated rats were detected in glomeruli and swelling of the tubular epithelium ( Supplementary  Fig. S2B ). We have also detected apoptosis using the TUNEL assay. The TUNEL-positive cells were almost absent in kidney of control rats, whereas abundant stained nuclei were found in around renal tubular epithelial cells of rats treated with CdCl 2 (Supplementary Fig. S2C ). These data provide that the in vivo evaluation of our in vitro data was appropriate for verification of the potential of HSPA8 and ENO1 as nephrotoxicity biomarker candidates in vitro.
DISCUSSION
Proteomic approaches have contributed to identification of sensitive and reliable biomarkers for the early detection and assessment of toxicity. Multiple complementary proteomic techniques are required to obtain the maximum coverage and a Grouping of proteins is according to the biological functions based on the information from the NCBI (http://www.ncbi.nlm.nih.gov/pubmed/), HUGO Gene Nomenclature Committee (http://www.genenames.org/), genecards (http://www.genecards.org/), and the Universal Protein Resource (UniProt) (http://www.uniprot.org/) websites. b Peptide score is À10 Â Log(P), in which P signifies the probability that the observed match is a random event. Individual peptide scores over 35 are considered as identity or extensive homology (p < .05). -induced nephrotoxicity.
The kidneys are dynamic organs and are very important for maintaining homeostasis. In many previous studies, researchers have used immortalized animal kidney cells for in vitro nephrotoxicity. There are Lilly Laboratories cells of porcine kidney proximal tubular (LLC-PK1) cell line, Mardin Darby canine kidney (MDCK) cells, which were derived from a kidney of an apparently normal adult female cocker spaniel, or NRK-52E, rat kidney proximal tubule epithelial cell line (Pfaller and Gstraunthaler, 1998) . These animal kidney cell lines have an advantage such as convenience of an artificial cell culture. However, they have a limitation that they cannot fully reflect the detoxification process in the human system.
To evaluate the suitability of these proteins as noninvasive biomarker candidates for nephrotoxicity, in vivo study as well as in vitro study was conducted. We used kidney tissues and urine of CdCl 2 -treated rats as in vivo evaluation. Because of interspecies differences in response to drug-induced toxicity (Gunness et al., 2010) , the human urine collected from cadmium-exposed individuals may demonstrate different results from the results obtained from rat urine. Rat kidney cortex was used for this evaluation because it contains mostly nephrons, the basic functional units of the kidney, and has been known as a key part of kidney function such as maintenance of homeostasis via the detoxification of various exogenous and endogenous toxic substances (Pfaller and Gstraunthaler, 1998) .
HSPA8, also known as constitutive heat shock protein (HSC)70, is a member of heat shock protein (HSP)70 chaperone protein family. HSP70 is involved in the restoration of cellular homeostasis and the cell survival promotion (Collier et al., 2008; Gething and Sambrook, 1992; Rothman, 1989) . HSPA8 contributes to the stabilization of newly synthesized intracellular polypeptides under nonstress condition (Gething and Sambrook, 1992) . Under conditions in which oxidative stress is increased, HSPA8 plays an important role as an antioxidant to protect cells against oxidative challenges and overcome the apoptotic signal (Dastoor and Dreyer, 2000) . Here, we showed that the levels of HSPA8 in CM and lysates were increased by CdCl 2 treatment. The results implicate that the expression of HSPA8 may be induced by oxidative stress caused by Cd 2þ , possibly to block cell damage and restore homeostasis in HK-2 cells. Interestingly, the level of HSPA8 in lysates was also increased by HgCl 2 (Fig. 5A) . Given that org/) websites. b Protein scores are À10 Â Log(P), where P is the probability based MOWSE score that observed match is a random event. Protein scores are greater than 63 are significant (p < .05).
HgCl 2 , NaAsO 2 , and CuSO 4 Á5H 2 O exert a toxic response through a similar mechanism to CdCl 2 (Oon et al., 2006; Ramos et al., 1995; Zalups, 2000) , it would be worthwhile to further elucidate the detailed mechanism for the induction of HSPA8 by CdCl 2 , HgCl 2 , and NaAsO 2 in kidney cells. ENO1 is a key multifunctional glycolytic enzyme that plays a role in regulation of cell growth, the resistance to hypoxia, and allergic responses (Kim and Dang, 2005) . When cells are triggered to undergo cell death, glycolytic enzymes are frequently externalized (Díaz- Ramos et al., 2012; Ucker et al., 2012) . Many glycolytic enzyme molecules, such as phosphoglucose isomerase and ENO1, are redistributed to the membrane and externalized to the surface of apoptotic cells (Ucker et al., 2012) . In the present study, we observed that CdCl 2 treatment caused the increase of ENO1 in CM, but not in lysates of HK-2 cells. The results suggest that ENO1 may be externalized by CdCl 2 -induced apoptotic cell death.
It has been demonstrated that HSPA8 regulates the enzymatic activity of ENO1 in the cardiomyocytes, and the protective effect of HSPA8 against oxidative stress is partially related to the interaction with ENO1 (Luo et al., 2011) . In the present study, we showed that the levels of HSPA8 and ENO1 in CM were increased by CdCl 2 in a concentration-dependent manner. Based on our findings and the previous report, we suggest that the interaction between HSPA8 and ENO1 may be involved in Cd 2þ -induced toxicity in HK-2 kidney epithelial cells. The detection/relative quantitation of HSPA8 and ENO1 by mass spectrometry would improve assessment of the onset and extent of renal injury compared with direct measurement of renal protein accumulation in urine. However, measuring several biomarkers or protein-based new biomarkers in urine after administration would be a straightforward way to test the renal injury induced by CdCl 2 . Hence, we believe that our results provided important and interesting information regarding identification of biomarkers for Cd 2þ -induced nephrotoxicity.
Our data using MCF10A and HepG2 cell lines implicate that HSPA8 may be used to detect Cd 2þ -induced toxicity in kidney as well as in breast or liver. Of note, the increased level of ENO1 was detected only in kidney cells, suggesting a potential of ENO1 as a specific biomarker candidate for nephrotoxicity. Taken together, the present study conducted 2 comparative proteomic analyses and identified HSPA8 and ENO1 as noninvasive biomarker candidates for the efficient evaluation of nephrotoxicity.
SUPPLEMENTARY DATA
Supplementary data are available online at http://toxsci. oxfordjournals.org/. FIG. 6 . Increased levels of HSPA8 and a-enolase (ENO1) were detected in CdCl2-treated rats. Rats were orally administrated with 5, 25, or 50 mg/kg CdCl2 for 8 weeks. A, Urine and kidney tissues of rats treated with CdCl2-treated rats were subjected to immunoblot analysis for HSPA8 and ENO1. B, Kidney tissues of rats were subjected to immunohistochemical analysis for HSPA8 and ENO1. The photomicrographs were taken at Â400 magnification. Arrows indicate representative positive staining. C, Effects of CdCl 2 on levels of protein-based new biomarkers. Urinary excretion or tissue expression levels of clusterin, KIM-1, NGAL, or netrin-1 were dose-dependently increased by Western blot analysis. Data are representative of 3 independent experiments. b-Actin was used as a loading control. 
